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Abstract 
The authors investigated organic tandem solar cells with solution processed recombination contacts made from a 
TiO2 sol in combination with PEDOT:PSS. Tandem cells were prepared either with two P3HT:PCBM-based subcells 
or by combining PCDTBT:PC[70]BM and PCPDTBT:PC[70]BM. Optical modeling is used to predict experimental 
short circuit currents of the tandem solar cells as a function of layer thickness. Both types of tandem cells yield 
energy conversion efficiencies of ca. 3.3 %. We propose that a significant improvement of the performance of the 
PCDTBT:PC[70]BM - PCPDTBT:PC[70]BM tandem is possible by optimization of the recombination contact and 
layer thicknesses of both subcells. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of S. E. Shaheen, D. 
C. Olson, G. Dennler, A. J. Mozer, and J. M. Kroon. 
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1. Introduction 
Organic semiconductors are highly promising materials for the fabrication of large area and flexible 
photovoltaic devices [1]. So far the most efficient architecture for polymeric solar cells is the bulk 
heterojunction (BHJ). Here, the active layer is made by mixing an electron-donating and an electron-
accepting component. P-type polymers like the well known poly(3-hexylthiophene) (P3HT) are 
commonly used as the electron donor while n-type soluble fullerene derivatives like phenyl-C61-butyric 
acid methyl ester (PCBM) have been shown to function as very efficient acceptor molecules. By 
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optimising the electronic structure of the polymer and the blend morphology, efficiencies approaching or 
even exceeding 8 % have been realized [2-5]. 
     It has been proposed that the efficiency of BHJ-single junctions is limited to approximately 10 %. This 
limitation arises mainly from two loss processes: the thermalization of hot charge carriers and the 
transparency of the material for long-wavelength photons [6]. Therefore, organic tandem solar cells with 
two BHJ connected in series have attracted much interest in the last years [7-9]. Theoretical predictions 
show markedly higher efficiencies for organic tandem cells compared to BHJ-single junctions [6, 10]. 
However, while the efficiency of the BHJ-single junctions increased dramatically within the last four 
years, the performance of solution-processed tandem solar cells was nearly unchanged.  
     The most problematic issue for the solution processing of tandem solar cells is the orthogonality of the 
used solvents, the wetting behaviour of connecting layers, and the realisation of highly conductive and 
transparent recombination contacts. Metal oxides like TiO2 [7] or ZnO [11] in combination with highly 
conductive PEDOT:PSS have been shown to form good recombination contacts. However, these 
recombination contacts suffer from several specific problems. Firstly, good device performance was 
achieved only after thermal treatments at around 140°C or above [7, 12]. Secondly, ZnO is unstable in an 
acidic environment and only ph-neutralized PEDOT can be utilized as the p-conductor in the 
recombination contact [12]. On the other hand, neutralization of PEDOT decreases both the conductivity 
and the workfunction, resulting in a reduced open circuit voltage of the tandem cell. To overcome this 
problem, a thin layer of fluorinated molecules (NAFION) has to be applied [13], but this additional step 
makes device processing more complicated.  
     Here, we describe the preparation of solution-processed tandem solar cells with recombination 
contracts formed via the TiO2 sol-gel approach. We constructed tandem solar cells with either 
P3HT:PCBM - P3HT:PC[70]BM subcells or poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) [14] and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b′] dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) [15] for the front and 
backcell, respectively, both polymers blended with PC[70]BM. We investigated the influence of TiO2 
layer thickness and thermal annealing on the overall device performance. The annealing of the 
recombination contact might become problematic when utilising thermally unstable blends in the tandem 
solar cell configuration. We performed optical modeling on the single layer devices to obtain the internal 
quantum efficiencies of the individual subcells and predict the tandem cell short circuit current for 
different layer thicknesses.  
2. Materials and Methods 
     Materials: PCDTBT (Mw = 55200 g/mol, PDI = 2.40) was synthesized as previously reported [14], 
PCPDTBT (Mw=26000 g/mol, PDI=1.36) was prepared in a Stille type polycondensation following a 
procedure described in literature [15], P3HT (Sepiolid P200) was purchased from BASF, PCBM (99,5 %) 
and PC[70]BM (99%) were purchased from Solenne.  
     Solar cell fabrication: All tandem devices were fabricated on structured ITO (Optrex), which was pre-
cleaned in acetone, detergent, DI-water and isopropanol, dried with a nitrogen gun, and exposed to O2-
plasma. Then a 50-60 nm layer of PEDOT:PSS (Clevios AI 4083) was spin cast onto the cleared ITO. 
The sample was subsequently transferred into a nitrogen filled glove-box, followed by annealing at 180°C 
for 10 min. For P3HT tandems the first active layer was spin-coated from P3HT:PCBM solutions (1/1 by 
weight) in chlorobenzene and thermally annealed to 140°C for 10 min. To reduce the contact angle for the 
further deposition of the TiOx, an ultrathin layer of Aluminum (nominal thickness ca. 0.5 nm) was 
thermally evaporated on top of the blend. The TiOx sol [7] was spin-coated at 5000 rpm in air followed by 
thermal annealing at 80°C (also in air). Subsequently a second PEDOT:PSS layer (Clevios AI 4083) was 
spin cast at 4000 rpm and annealed at 140°C for 15 min. The second subcell was spin coated from a 
P3HT:PC[70]BM solution (1/1 by weight) in chlorobenzene, followed by annealing at 140°C for 10 min. 
Finally 20 nm Ca and 100 nm Al were thermally evaporated at a base pressure below 10-6 mbar through 
shadow masks to form the cathode. The active area of the device was 0.16 cm². For the PCDTBT-
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PCPDTBT tandems the first subcell was spin-coated from a PCDTBT:PC[70]BM solution (1/4 by 
weight) in dichlorobenzene and the second subcell was spin-coated from a PCPDTBT:PC[70]BM 
solution (1/3 by weight) in chlorobenzene that additionally contained 3 vol% diiodooctane as a processing 
agent. For this type of tandem cells the maximum annealing temperature was 80°C. Application of higher 
temperatures is known to reduce the performance of the PCDTBT: PC[70]BM blend [16] and to change 
the morphology of the PCPDTBT:PC[70]BM blend (when processed with diiodooctane). 
     Solar cell characteristics: The J-V characteristics were measured in nitrogen atmosphere with an Oriel 
class A simulator. The intensity of the sun-simulator was calibrated with a KG3 filtered Si-Diode 
referenced at Fraunhofer ISE Freiburg to 100 mW/cm². The data have not been corrected for spectral 
mismatch between the sun-simulator and the AM 1.5G spectra (the mismatch factor is around 0.95 for 
PCPDTBT and below 1.02 for P3HT and PCDTBT). 
External quantum efficiency (EQE, IPCE): The EQE was measured with monochromated light from a 
tungsten lamp which is mechanically shopped to 140Hz for the detection with a lock-in amplifier. The 
intensity of the lamp was checked with an UV-enhanced crystalline solar cell calibrated at Newport 
before each measurement. The quality of the EQE setup was cross-checked with a KG3 filtered 
crystalline silicone reference solar cell calibrated at Fraunhofer ISE. 
     Determination of the optical constants: The optical constants (index of refraction and absorption 
coefficient as a function of wavelength) have been extracted from reflection and transmission 
measurements from 350 to 900 nm with a Varian Cary 5000 equipped with an integrating sphere. The 
optical constants determined that way were confirmed by ellipsometry (performed at BAM, Berlin). 
     Optical modeling: The simulation of the tandem cell short circuit currents have been performed by 
modeling the absorption of each of the subcells in the tandem cell stack with the transfer matrix 
formalism [17, 18]. First, single layer replica cells were fabricated from each blend. The transfer matrix 
formalism was then applied to determine the fraction of absorption in the active layer. Comparison of 
these values with the measured IPCE spectra at short circuit conditions yielded the internal quantum 
efficiency (IQE) as a function of wavelength for single junctions. Reflectivity spectra were measured for 
each cell to confirm the accuracy of the determination of the optical constants as described above. The 
average of the IQE spectra served as input for the calculation of the short circuit current of the single 
layer and tandem cells. We assumed that the photogeneration of charges as well as bimolecular 
recombination is the same for single junctions and the subcells in the tandem configuration under short 
circuit conditions. This assumption might be not fulfilled in case of bad recombination contacts, a large 
current mismatch, or if the photogenerated current generated by the individual subcells depends largely 
on the internal electric field [9, 19]. 
3. Results and Discussion 
3.1 Tandem solar cells with P3HT:PCBM and P3HT:PC[70]BM subcells 
 
The P3HT:PCBM blend is the most studied system for BHJ solar cells. One particular property of this 
blend is that its efficiency increases significant upon thermal annealing at 110-150°C [10]. Therefore, 
high annealing temperatures can be applied to the recombination contact without deterioration of the 
photovoltaic properties of the first subcell. Figure 1 (a) shows a cross sectional TEM picture of a 
P3HT:PCBM - P3HT:PC[70]BM tandem cells. All individual layers are clearly resolved, indicating a low 
degree of intermixing during solution processing. As shown in Figure 1 (b) the contact angle of the TiO2 
sol on the P3HT:PCBM blend is relatively high. Bad wetting of the sol results in a large inhomogeneity of 
the final TiO2 film. As reported by Sista [8] an ultrathin layer of aluminum largely improves the wetting, 
shown by the reduced contact angle in Figure 1 (c). Though the need of evaporating aluminum does not 
allow complete processing from solution, we note that other methods such as solvent treatment in 
saturated atmosphere are known to reduce the contact angle [20]. 
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Fig. 1. (a) TEM cross sectional photo of a solution processed tandem solar cell, each of the layers is colored for better clarity; (b) 
photograph of the contact angle of the TiO2 sol on a blend of P3HT:PCBM; (c) photograph of the contact angle of the TiO2 sol on a 
blend of P3HT:PCBM with a 0.5 nm evaporated layer of Al on top of the blend. 
     The solar cell characteristics for a P3HT:PCBM - P3HT:PC[70]BM tandem cells in Figure 2 (a) shows 
two interesting features. If the dilution of the TiO2 sol in methanol is too high the FF of the tandem cell 
device decreases dramatically. We attribute this to a non-uniform TiO2 layer with uncovered blend areas 
or cracks in the TiO2 film. For the best dilution ratio of 1/20 (giving a TiO2 layer thickness of 20-30 nm) 
the FF is still moderate with values of around 40 %. Applying 10 min of UV-exposure improves the FF 
significantly. Meanwhile the short circuit current increases only slightly. This is attributed to a 
photodoping of the metal oxide. With the UV-exposure filling of electron traps in the TiO2 is promoted, 
resulting in a higher conductivity and therefore in higher recombination currents. To support this 
statement we have measured UV-photo-CELIV transients on layers of pure TiO2 (not shown). These 
measurements yielded very low mobilities and charge carrier densities for low laser light intensities while 
the sample became conductive when the intensity was increased above a certain threshold. The inset 
shows the dark current before and after the UV-exposure. The forward current and the rectification ratio 
is markedly increased upon photodoping.  
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Fig. 2. (a) Solar cell characteristics at ca. 100 mW/cm² for as-prepared P3HT:PCBM - P3HT:PC[70]BM tandem solar cells with 
different degrees of dilution of the TiO2 precursor in methanol; (b) the same characteristics after 10 min UV-exposure of the full 
devices. The inset shows a semi logarithmic plot of the dark current before and after UV-exposure. 
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After UV-exposure the solar cell parameters are (see table 1): Jsc= 4.9 mA/cm²; Voc=1.14 V; FF=62 % 
and ECE=3.4 % under simuated solar light with ca. 100 mW/cm². Considering that (a) Voc is identical to 
the sum of the open circuit voltages of the subcells, (b) the FF of the tandem is comparable to that of the 
subcells, and (c) that short circuit currents are even slightly higher than modeled for the experimetal 
thickness range, we propose that the recombination contact in the P3HT-PCBM – P3HT:PC[70]BM 
tandem cell does not introduce any significant electrical losses after UV-exposure.   
Figure 3 shows the modeled short circuit currents of the tandem cell for different layer thicknesses of 
the individual subcells, with the calculated internal quantum efficiency (IQE). For both subcells we 
extracted an IQE of 75% from the analysis of the corresponding single junctions. Since the absorption 
spectra of the subcells are quite comparable with a slightly higher absorption coefficient for the blend 
with the PC[70]BM, the current of the tandem cell cannot be increased by increasing the thickness of both 
subcells simultaneously. Two distinct current maxima are found and the experimental thickness range 
was chosen close to current matching in one of the two maxima, with an active layer thickness of 80 and 
100 nm for the front- and backcell, respectively. 
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Fig. 3. Contour plot of the simulated short circuit current of the P3HT:PCBM – P3HT:PC[70]BM tandem solar cell. An IQE value 
of 75 % (estimated as described in the experimental part) was assumed for both subcells. The solid isoline shows the thickness 
combination that yields current matching between the subcells. The dashed ellipse shows the range of thicknesses used for the 
tandem cells in Figure 2. 
3.2 Tandem solar cells with PCDTBT:PC[70]BM and PCPDTBT:PC[70]BM subcells 
 
    Secondly, tandem solar cells were constructed with subcells made of the medium bandgap polymer 
PCDTBT and of the low band gap polymer PCPDTBT, both mixed with PC[70]BM. The complementary 
absorption of both blends is shown in Figure 4 (a). This material combination should, therefore, deliver 
high currents for an optimum combination of layer thicknesses of the two subcells.  
    So far, the highest efficiencies for polymeric tandem solar cells have been reported for P3HT:PCBM 
combined with PCPDTBT:PC[70]BM [7, 8]. The advantage of PCDTBT compared to P3HT is the 20 % 
higher IQE and the 0.3 V higher open circuit voltage. Due to its high IQE, PCDTBT can generate a high 
current even for thin layers with higher transparency. The only drawback of the PCDTBT:PC[70]BM 
blend as the first subcell in solution-processed tandem devices is that its performance decreases upon 
annealing above 80°C [18]. 
Due to the thermal instability of the PCDTBT:PC[70]BM blend we investigated if the recombination 
contact can deliver reasonable recombination currents without annealing above 80°C. The contact angle 
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of the TiO2 sol on as-prepared PCDTBT:PC[70]BM blends was identical to that on P3HT:PCBM blends. 
After evaporation of 0.5 nm Al the contact angle almost vanished. Also, the dependence of the fill factor 
on the dilution of the TiO2 precursor was not as significant as for P3HT:PCBM bottom cells (data not 
shown). Nevertheless the trend was identical: the FF decreased for higher dilution concentrations. 
     Figure 4 (b) shows the solar cells characteristics for the optimum dilution concentration (i.e. TiO2 
layer thickness). The solar cell parameters are: Jsc= 5.8 mA/cm²; Voc=1.45 V; FF=40 % and ECE=3.3 % 
(see table 1). A clear s-shape can be observed for all solar cells. This s-shape was not observed in the 
corresponding single junction cells. Therefore, we attribute the distinct s-shape of the tandem cell to 
insufficient recombination at the central recombination contact. Note that the FF increases slightly when 
increasing the annealing temperature of the recombination contact from 70°C to to 80°C. This might be 
caused by the removal of remaining water in the PEDOT:PSS film. We also observed a slight change in 
the absorption of the TiO2 layer when increasing the annealing temperature from 80°C to 140°C and a 
mass loss of 13% at 140°C compared to 80°C (data not shown) in thermogravimetric analysis, pointing to 
the presence of volatile components in the 80°C-annealed TiO2 layer. 
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Fig. 4. (a) Thin film absorption of PCDTBT:PC[70]BM and PCPDTBT:PC[70]BM with 3 vol% DIO; (b) solar cell characteristics 
after 10 min UV-exposure for PCDTBT:PC[70]BM - PCPDTBT:PC[70]BM tandem solar cells for increasing front cell thickness 
and different annealing temperatures of the TiO2/ PEDOT:PSS recombination contact. 
    As shown in Figure 5 high short circuit currents should be observed with increasing thickness of both 
subcells. However, these calculations neglect losses by higher bimolecular recombination for thicker 
active layers (i.e. the IQE is assumed to be constant for all layer thicknesses) or space charge effects for 
unmatched subcells. It has been observed that the FF of the subcells decreases with increasing layer 
thickness due to decreased charge collection for both PCDTBT [21] and PCPDTBT [22]. We, therefore, 
chose a layer thickness of ca. 80 nm for the front cell and 100 nm for the backcell. The predicted short 
circuit current is ca. 6.5 mA/cm², which compares rather well to the measured Jsc of 5.8 mA/cm². Under 
these conditions, the short circuit current should be limited by the thickness of the first subcell as 
indicated by the modeled short circuit currents in Figure 5 (the tandem short circuit current is limited by 
the frontcell for the whole area below the isoline in Figure 5). We expect that further optimization of the 
layer thicknesses of both subcells should allow a short circuit current of 7.5 mA/cm² combined with the 
same Voc of 1.45 V and a FF of 60%, resulting in an energy conversion efficiency of more than 6.5 %. 
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Fig. 5. Contour plot of the simulated short circuit current of the PCDTBT:PC[70]BM – PCPDTBT:PC[70]BM tandem solar cell. 
The simulation uses IQE values of 88 and 72 % for the PCDTBT:PC[70]BM and the PCPDTBT:PC[70]BM  subcell, respectively. 
The solid isoline shows the thickness configuration with current matching of the two subcells and the dashed ellipse shows the 
experimental thickness range from Figure 4 (b). 
Table 1. Summary of the performance parameters of tandem solar cells studied in this work. 
Frontcell Backcell Jsc [mA/cm²] Voc [V] FF [%] ECE [%] 
P3HT:PCBM  P3HT:PC[70]BM  4.9 1.14 62 3.4 
PCDTBT:PC[70]BM  PCPDTBT:PC[70]BM  5.8 1.45 40 3.3 
4. Conclusions 
In summary we have shown that a UV-exposed TiO2 layer fabricated via a sol gel process combined with 
a PEDOT:PSS layer functions as an efficient recombination contact if thermally annealing at 140°C is 
applied. The wetting of the polymer blend with the TiO2 sol can be significantly increased by inserting an 
ultrathin Al layer. A transfer matrix formalism has been used to model the absorption of light by each 
active layer in the tandem cell and to predict the tandem short circuit current. The combination of 
PCDTBT with PCPDTBT is found to be particular well suited for the fabrication of solution-processed 
tandem cell, and realistic predictions of the efficiency yield 6.5 % or more. However, a major problem of 
this material combination is the low thermal stability of the PCDTBT:PC[70]BM blend, which does not 
permit high temperatures to be applied to the recombination contact. Further work will, therefore, be 
devoted to the search for alternative material combinations for low temperature processing of the 
recombination contact and to the optimization of the tandem cell geometry.  
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